Six plaque-purified strains of Rickettsia tsutsugamushi (Karp, Gilliam, Kato, JC472B, TA716, and TA763) that fall into three categories of virulence for mice were compared by several parameters. Five of the six strains formed plaques of identical size in mouse cells, but each of three strains tested (representing three mouse virulence types) had a different doubling time in mouse cell cultures. Neither of these properties correlated strictly with virulence in mice, although the avirulent TA716 strain replicated much more slowly than the more virulent Karp and Gilliam strains. R. tsutsugamushi strain heterogeneity was also manifested at the polypeptide level by migration rates in sodium dodecyl sulfate-polyacrylamide gels of three of the major scrub typhus antigens (StallO, Sta56, and Sta47), with those of StallO differing most widely. As expected, immunoblotting with polyclonal mouse sera showed substantial cross-reactivity among the major antigens of the six strains.
Rickettsia tsutsugamushi is a small, obligately intracellular bacterium and the etiologic agent of scrub typhus, which occurs naturally as a zoonosis involving chiggers of the genus Leptotrombidium and their small mammal hosts. Humans become incidentally infected when bitten by a rickettsia-carrying chigger. While several structural and biological properties distinguish R. tsutsugamushi from other members of the genus Rickettsia, a common feature among all rickettsiae is their possession of an outer membrane analogous to that of free-living gram-negative bacteria. A characteristic of R. tsutsugamushi unique among the Rickettsia species is its substantial variability in antigenic composition (including variability in the apparent outer membrane proteins) and in virulence, and a number of strains have been identified by classical serological methods.
The number of R. tsutsugamushi strains is not known, nor have strict criteria for classification been established. Many serological comparisons of R. tsutsugamushi isolates have been made, but few have been done with plaque-purified rickettsiae, largely because culturing these organisms is so cumbersome. Clonal purification of natural isolates is important, however, since the rickettsiae may exist as mixed populations both in chiggers and in mammals, including humans (5, 11, 48) . Early serological studies of uncloned scrub typhus rickettsiae led to the concept of R. tsutsugamushi as an antigenic mosiac containing a wide mixture of determinants shared to varying degrees by different strains (25) . More recent examinations of R. tsutsugamushi have confirmed this concept but also have ordered the complexity by looking at an array of antigenic polypeptides identified by sodium dodecyl sulfate-polyacrylamide gel electrophoresis * Corresponding author.
(SDS-PAGE) and reaction with both polyclonal antibodies and monoclonal antibodies (MAb), all of which have helped in distinguishing rickettsial strains.
Several major protein immunogens have been identified, and genes encoding some of these have been cloned in Escherichia coli (30, 39-41, 43, 52, 53) . Two quantitatively major antigenic proteins, Sta56 and Sta47 (nomenclature of Oaks, Stover, and colleagues [39, 52, 53] ) (formerly referred to in our laboratory as 60K and 50K, respectively), are integral membrane proteins (20, 44, 52) , and evidence points to their presence in the rickettsial outer membrane (21, 54) . In addition to its abundance and immunodominance, StaS6 is notable for its heat modifiability (20, 22, 58) and its appearance as several bands in SDS-polyacrylamide gels (10, 58) . Both strain-specific and cross-reactive epitopes have been identified in StaS6 and Sta47 (9, 10, 14, 20, 21, 38, 40, 41, 46, 52, 54, 55, 60) . A third major immunogen, StaS8 (formerly called the 63K protein by us), is structurally related to the hsp60 family of stress proteins (6, 53) . In limited studies, no strain-specific antigenic differences have been found, with the possible exception of one MAb which reacted with a 61-kDa protein, possibly StaS8, from only five of seven strains tested (10, 21, 40, 55) . Restriction fragment length polymorphism analysis demonstrated some strain variation in Sta58 at the nucleotide level (51) . Gene sequences encoding R. tsutsugamushi Karp and Gilliam Sta56 and Karp Sta58 have been published (43, 52, 53) . Other R. tsutsugamushi genes which have been cloned encode 20-to 22-, 49-, 72-, 110-, and 150-kDa antigenic proteins (30, 40) .
R. tsutsugamushi strains also vary in their virulence for mice and, possibly, for humans as well (1, 4, 8, 16, 31-33, 35, 47, 49) . A single mouse gene (Ric) has been shown to affect virulence of a given scrub typhus rickettsial strain after intraperitoneal inoculation (16, 17) , leading to the designa- While increasing numbers of scrub typhus rickettsial isolates are being compared antigenically, little insight has been gained into the degree to which these organisms vary biologically. In this report, we compare six plaque-purified R. tsutsugamushi strains by a number of criteria: known virulence in mice, replication rates and plaque formation in cultured mouse cells, and polypeptide profiles and partial antigenic characterization using Karp strain-induced MAb reactive with StallO, Sta58, Sta56, and Sta47. The R tsutsugamushi strains studied include the three standard laboratory strains Karp (7), Gilliam (1), and Kato (50), all obtained from infected humans, two more recent animal isolates from Thailand, TA716 and TA763 (11, 12) , and an animal isolate from Pakistan which originally was serotyped as Karp-like, JC472B (49) . A better understanding of R.
tsutsugamushi strain variation at both molecular and biological levels could lead to clues not only to the production of effective immunoprophylactic and immunodiagnostic tools, but also to the rickettsial properties which are important in the interactions of this highly pathogenic, intracellular bacterium with its host. (21) . SDS-PAGE profiles of rickettsiae labeled with either amino acid and of unlabeled, Coomassie-stained, Renografin-purified rickettsiae were similar. Control experiments ensured that only rickettsial bands, and not host cell bands, were radiolabeled to a detectable extent (21, 28 Preparation of rickettsial membranes. Crude membrane fractions were obtained from Renografin-purified rickettsiae which were disrupted by brief sonication in 10 mM HEPES buffer (pH 7.4) containing 5 mM EDTA (HE). The sonicated material was centrifuged at 13,000 x g for 2 min to remove whole rickettsiae and large debris, and the supernatant fluid was centrifuged at 200,000 x g for 2 h in the TLA 100.3 rotor of a Beckman TL-100 ultracentrifuge. The resulting 200,000
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x g supernatant was held as the cytoplasmic fraction, and the pellet was resuspended in HE and recentrifuged at 200,000 x g to yield a washed membrane fraction (pellet) and membrane wash (supematant).
Antibody production. Polyclonal rabbit and mouse antisera prepared by several injections of rickettsia-infected mouse livers and spleens were described in earlier studies (19 RIP and immunoblotting. In standard radioimmunoprecipitation (RIP), rickettsial proteins were extracted with a mixture of 1% (vol/vol) Triton X-100 (TX), 0.5% (wt/vol) sodium deoxycholate (DOC), and 0.5 M NaCl in 10 mM phosphate buffer (pH 7.4) (TX-DOC-NaCI) (20, 21) . The extracts were mixed with equal volumes of 40% serum or 10% ascitic fluids and held overnight at 4°C. The resulting immune complexes were collected with fixed Staphylococcus aureus cells (Pansorbin; Calbiochem-Behring, La Jolla, Calif.). After thorough washing in 1% TX plus 0.5% DOC in 10 mM phosphate buffer (pH 7.4) (TX-DOC), the antigenantibody complexes were removed from the Pansorbin with sample buffer, either with or without holding in a boiling water bath, and stored at -70°C before SDS-PAGE.
To detect polypeptide epitopes accessible in unextracted rickettsiae, we performed a modified RIP (21 were electrophoresed in SDS-polyacrylamide gels as above, and the proteins were transferred from the gels to Immobilon polyvinylidene difluoride microporous membrane (Millipore Corp., Bedford, Mass.) (57) . Polyvinylidene difluoride strips were equilibrated for 2 h (37°C) with phosphate-buffered saline (PBS) (pH 7.4) containing 0.5% (wt/vol) Tween 20 (PBST) and 10% (vol/vol) C-4 (PBST/C-4). The strips were then incubated overnight (4°C) with ascitic fluid or mouse serum diluted 1:1,000 with PBST/C-4 which also contained 1 M D-glucose and 10% (vol/vol) glycerol. After incubation, the strips were washed three times for 5 min each (37°C) in PBST. Alkaline phosphatase-conjugated, goat anti-mouse IgG (heavy-and light-chain-specific) antibody diluted 1:1,000 in PBST/C-4 was added to the strips for 1 h (37°C). After three washes in PBST, the strips were incubated in a solution of p-Nitro Blue Tetrazolium (110 ,ug/ml), 5-bromo-4-chloro-3-indoyl phosphate (55 ,ug/ml), and 5 mM MgCl2 in 100 mM diethanolamine buffer (pH 9.5) until color development was satisfactory (2).
RESULTS
Rickettsial replication in mouse cell cultures. To determine whether rickettsial strain variability could be manifested by growth properties in cultured mouse cells, we determined (i) the sizes of plaques formed in mouse fibroblast cultures by all six strains and (ii) the Gt in these same cells of three strains of R. tsutsugamushi, representing each of the virulence types. Using Gilliam as an internal control in each of several experiments, four of the remaining five strains were found to form plaques the same size as Gilliam; only Karp, representing the most virulent phenotype in mice, formed smaller plaques (Table 1) . Both Karp and TA716 had significantly longer Gt than Gilliam in growth-inhibited mouse cell lines, with that of TA716 being the longest (Table 1 and Fig.  1 ). This held true in a number of replicate experiments (Table 1) and, for Karp and Gilliam, in both C3H and BALB/3T3 cell cultures; the cell type did not influence the replication rates of these two rickettsial strains (27) .
Characterization of MAb. Among the 12 stable hybridomas obtained from three fusions, antibodies to four polypeptide antigens were represented ( Table 2 ). The three quantitatively major immunogens initially identified in our laboratory (Sta58, Sta56, and Sta47) all evoked MAb, and two MAb reacted with StallO, described by Oaks et al. (40, 41) . All but one of the MAb seemed to react as well with highly dena- SDS-PAGE profiles of extracted polypeptides. The large number of R. tsutsugamushi polypeptides and the dependence of their SDS-PAGE migration patterns on the denaturing conditions complicates their identification, particularly among different laboratories. In our studies, individual polypeptides were identified by several criteria: (i) effect of denaturing conditions on migration in SDS-PAGE, (ii) immunoblotting and RIP with specific MAb, (iii) SDS-PAGE of Sta56 bands excised from polyacrylamide gels, and (iv) two-dimensional SDS-PAGE. The overall results of these tests were consistent for the six strains, and for simplicity only those for Karp are summarized in Table 3 . In general, when whole-cell extracts, treated or not with heat or 2-mercaptoethanol, were electrophoresed, three patterns emerged: (i) some polypeptides (StallO, Sta58) were unchanged, (ii) some (Sta56, Sta47, 30 kDa, 28 kDa) were modified to migrate at higher apparent molecular masses under more denaturing conditions, and (iii) some higher-molecular-mass forms (of Sta56, Sta47) apparently disaggregated to migrate more quickly when denaturing conditions were enhanced. In addition, some apparent proteolytic degradation of StaS6 was indicated (37) .
SDS-PAGE profiles of proteins extracted from the six plaque-purified strains of R. tsutsugamushi were compared. As is true with the previously described strains (21, 28, 45, 54, 55, 60) , TA716 and TA763 also have quantitatively predominant proteins migrating with apparent molecular masses of 58, 54 to 57, and 46 to 47 kDa when optimally denatured ( Fig. 2 and Table 4 ). While the Sta58 proteins from each of the six strains migrated similarly, strain-related variations in the migration of other significant polypeptides did occur, even under the strongest denaturing conditions ( Table 4 ). Fully denatured Sta56 from Karp and JC472B migrated with an apparent molecular mass of 56 kDa, but the migration rates of Sta56 from each of the other four strains were slightly different (see also Fig. 5 ). This pattern was consistent even for the less denatured 43-kDa and the less denatured, apparently dimeric 90-kDa forms. Sta47 was found in all strains, and that of the Karp and JC472B strains migrated slightly more slowly than the Sta47 from the other four strains (seen best in Fig. 5 ). The presence of 2-mercaptoethanol slightly retarded the electrophoretic migration of Sta47 ( Table 4 were similar for both strains. With the exception of Karp and JC472B, none of the other strains could be strictly related to one another based on these SDS-PAGE data.
Immunoblotting and RIP of Karp antigens. Crude rickettsial membrane fractions, TX-DOC-NaCl extracts, and unextracted rickettsiae all were analyzed to clarify the probable location of the four Karp antigens recognized by our MAb. Nearly all the 28-and 30-kDa proteins, 85 to 95% of StallO, and 75% of both Sta47 and Sta56 were found in the crude membrane fraction (200,000 x g pellet). Several other polypeptides reactive with polyclonal antibodies also were found in the crude membrane fraction, and some of these probably were related to Sta56. On the other hand, only 30% of Sta58 was associated with membranes under the conditions described. In the modified RIP assay, all the Sta56-and Sta47-specific MAb reacted with rickettsiae before their exposure to detergent (Fig. 3) ; this is consistent with a rickettsial surface location of the epitopes recognized by these MAb. In contrast, neither of the MAb specific for StallO was reactive in this modified RIP (not shown). Thus, these MAb which reacted well with extracted but not with unextracted StallO served as a partial control for the integrity of the rickettsiae during this procedure. Figure 3 also shows that Sta47-specific MAb coprecipitated Sta56, and Sta56-specific MAb coprecipitated Sta47. This occurred whether the standard (TX-DOC-NaCl extracts) (Fig. 4) or modified (unextracted rickettsiae) (Fig. 3) RIP assay was performed. The coimmunoprecipitation of Sta47 and Sta56 suggested that these proteins were present in the same incompletely solubilized membrane fragments obtained by extraction with mild detergent. Additionally, in the standard RIP in which rickettsiae were extracted before exposure to antibody, one MAb, Kp47-a, also coprecipitated Sta58 (Fig. 4) , raising the possibility that Sta58-Sta47 or Sta58-Sta47-Sta56 complexes can occur as well. Further, in the absence of heating to 100°C, the Kp47-a immunoprecipitate contained a protein which migrated at about 100 kDa, but none at 47 kDa; heating the immunoprecipitate in sample buffer converted this high-molecular-mass form to a band migrating at 47 kDa, indicating that the 100-kDa band may be an Sta47 dimer. Immunoblots with Kp47-a (and occasionally with Kp47-b) also showed faint bands at positions of about 100 kDa, in addition to the heavy band at 47 kDa (Fig. 5) . In some blots, a 150-kDa band also could be seen.
Among the panel of MAb described here, the one to Sta58 (Kp58-a) was unique in its reaction in the modified RIP. The nine Sta56-or Sta47-specific MAb which were reactive in this assay formed complexes with antigen which, after TX-DOC-NaCl extraction, remained in the 13,000 x g supernatant until Pansorbin was added. Kp58-a, however, consistently formed complexes with Sta58 which, after TX-DOC-NaCl extraction, mostly pelleted at 13,000 x g even before exposure to Pansorbin. Likewise, modified RIP with polyclonal antisera resulted in the sedimentation at 13 ,000 x g of most of the Sta58 (but not Sta56 or Sta47) before Pansorbin treatment. Controls which were treated identically except that antibody was omitted did not form sedimentable Sta58 complexes. This phenomenon suggests that individual Sta58 polypeptides, unlike the other two major immunogens, may occur naturally in such proximity to each other as to form larger, readily pelletable immune complexes.
Strain-related variation. Immunoblotting of proteins of the six rickettsial strains with Karp-specific polyclonal antisera confirmed that the major antigens (Sta58, Sta56, and Sta47) from various R. tsutsugamushi strains share some epitopes (Fig. 5) (9, 10, 14, 20, 21, 40, 41, 46, 54, 55, 60) . To further assess the antigenic relatedness of these immunogens, we compared the reactions of the six strains with our panel of MAb ( Fig. 5 and Table 2 ). All four of the Karp-induced, Sta56-specific MAb bound to Sta56 of at least three strains, but none reacted with all. Each of the MAb bound JC472B Sta56 in addition to Karp Sta56 (Fig. 5) specific MAb with protein extracts from the six strains suggest that each MAb recognizes a different epitope.
The epitopes defined by four of the five Sta47-specific MAb were conserved among all six of the strains tested (Fig.  5) . Kp47-e failed to bind (or bound very weakly) to Sta47 of Gilliam, Kato, and the two Thai strains, but as strongly with JC472B as with Karp. This antigenic pairing of JC472B and Karp correlates with the slightly slower electrophoretic migration rate of Sta47 from these two strains compared with that of the other four Sta47. Note that Kp47-e did not appear to bind even homologous Sta47 as strongly as did the other Sta47-specific MAb. In addition to the apparent partial strain specificity of Kp47-e, the unique coprecipitation of Sta58 by Kp47-a suggests that at least three epitopes are recognized by the five MAb reactive with Sta47.
Both MLAb specific for StallO displayed some antigenic strain specificity; one (KpllO-b) reacted with StallO only from Karp and Kato, while the other reacted with StallO from these two strains plus with JC472B and, very weakly, with TA763, but not with Gilliam or TA716 StallO (Fig. 5) . The binding of KpllO-a antibodies to the StallO from Karp but not from JC472B is the first suggestion of an antigenic difference between these two strains. The one MAb to Sta58 immunoprecipitated Sta58 from all six strains (not shown).
An unexpected finding was the relative resistance of JC472B to extraction with SDS (Table 1) . Scrub typhus rickettsiae in general tend to be quite susceptible to lysis by a number of detergents (18, 21) , and all strains were readily solubilized by sample buffer. However, when Karp, Gilliam, Kato, and JC472B were treated in the same experiments with phosphate-buffered SDS, JC472B was refractory to SDS solubilization compared with the other three strains; while virtually all Karp, Gilliam, and Kato proteins were released to a 13,000 x g supernatant fraction by as little as 0.1% SDS; even 0.5% SDS failed to release more than 40% of JC472B proteins. This correlated with a resistance of JC472B Sta56 and Sta47 to SDS-induced release (18) and of Sta56 to denaturation (36) .
DISCUSSION
Six plaque-purified strains of R. tsutsugamushi from various animals and geographic areas and representing three virulence patterns in mice were compared by a number of criteria, including biological, structural, and antigenic aspects. In addition, some basic information on the subcellular fractionation of the major antigens and possible associations among the proteins or protein subunits was obtained. Kp56-a VOL. 60, 1992 on August 14, 2017 by guest http://iai.asm.org/
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Five of six strains formed plaques of similar size in cultured mouse cells; the highly virulent Karp strain formed smaller plaques than the rest. This extends our initial observation that Karp formed smaller plaques than Gilliam and Kato under the same conditions (24) (27) , which, unlike Vero cells (13) , are capable of synthesizing IFN. Of the three rickettsial strains tested, only TA716 was susceptible to inhibition by purified IFN-a/,B (27) . It is possible, therefore, that TA716's slower growth rate in these cells is either the cause or result of its sensitivity to IFN-a/,-mediated inhibition; alternatively or in addition, some nutritional requirement may not be met in this combination of C3H cells and C-4-supplemented RPMI 1640. In any case, replication of different scrub typhus rickettsial strains must be regulated differently at some stage(s) in cultured cells. How these intriguing differences may relate to the variations in virulence remains open for further study.
The properties of proteins from a number of scrub typhus rickettsial strains have been compared by SDS-PAGE; in this report, we added polypeptide profiles of two additional strains, TA716 and TA763, from Thailand. Each of the six strains examined was easily distinguished by SDS-PAGE, and the strain-related variable migration of some of the immunogenic polypeptides (StallO, Sta56, and Sta47) during SDS-PAGE was confirmed and extended (21, 28, 40, 41, 45, 54, 55, 60) . None of the strains except Karp and JC472B could be grouped by this method. Despite the demonstrated variation among scrub typhus rickettsial isolates, their SDS-PAGE profiles as a group (particularly the clustering of major proteins in the 46-to 58-kDa range) are readily distinguishable from those of other Rickettsia species. We also added to previous observations by us and by others (20, 22, 58) on the effects of denaturing conditions on the migration of individual polypeptides in SDS-PAGE. These are important not only in understanding the chemical natures of these proteins, but also in serving as identifying characteristics of the proteins. Better identification of proteins would be useful, for example, in serosurveys measuring the humoral responses to particular immunogens resolved by immunoblotting.
The SDS-PAGE profiles of plaque-purified Karp, Gilliam, Kato, and JC472B were similar to those we found earlier with these strains, before their plaque purification (21) ; thus, the plaque purification procedure did not select unique minor strains from the laboratory stocks. It is possible, however, that some selection occurred before this, when the isolates were originally adapted to laboratory passage. Some selection of faster-growing strains seems likely, since we demonstrated widely varying replication rates among different R. tsutsugamushi strains under fixed conditions. Moreover, we observed no changes in SDS-PAGE profiles during extensive serial passage in tissue culture. The apparent stability of scrub typhus rickettsiae after laboratory adaptation contrasts sharply with the variability seen within this species. The biological significance of this heterogeneity and how it is affected by the rickettsiae's need to survive and grow in both mammalian and arthropod hosts can only be surmised at this point; our work, however, has implicated two membrane antigenic proteins as major sources of variation.
Sta56 and Sta47 appear to be integral membrane proteins, based on their resistance to extraction with detergents (20, 21, 44) , and the deduced amino acid sequence of Sta56 predicts several hydrophobic regions also suggestive of membrane insertion (43, 52) . Moreover, there is evidence that Sta56 and Sta47 are in the outer membrane: both were surface labeled with 1251 (54) , and Sta56 in unextracted rickettsiae also had been shown to be accessible to protease digestion (22, 54) and antibodies in polyclonal antisera (21) , suggesting their exposure on the rickettsial surface. Supplementing these observations, Sta56 and Sta47, as well as StallO and 28-and 30-kDa proteins, all were found predominantly in a crude membrane fraction (200,000 x g pellet) prepared from Renografin-purified, sonically disrupted rickettsiae, and the coprecipitation of Sta56 and Sta47 by MAb specific for one or the other protein suggested that they were present in the same membrane fragments which remained after mild detergent extraction. Additionally, Sta47 as well as Sta56 (but not StallO) also was accessible to MAb when rickettsiae were exposed before extraction, further indicating its exposure on the rickettsial surface. The failure of the two StallO-specific MAb to react detectably with unextracted rickettsiae does not preclude the possibility of surface exposure of other epitopes on this protein or that it is in the outer membrane but not surface exposed. The precise membrane location of this antigen awaits further experimentation.
The relatively abundant antigen Sta56 has been widely studied and has long been recognized as a site of strainspecific as well as cross-reactive epitopes. In the present studies, none of the four Sta56-specific MAb (10, 20, 58) were confirmed by two-dimensional SDS-PAGE, SDS-PAGE of excised Sta56, and immunoblotting with Sta56-specific MAb. Some of these bands apparently can occur as the result of reaggregation of the monomeric form of Sta56, and others may correspond to bands obtained by partial proteolytic digestion (37) . The The putative heat shock protein Sta58, in contrast to Sta47, Sta56, and StallO, was mostly in the subcellular fraction from which membrane had been removed. The intracellular location of other bacterial hsp6Os appears to be variable. We earlier had noted the ease with which Sta58 was separated from the rickettsial pellets formed by centrifugation at 13,000 x g and which retained the bulk of the other major proteins (20, 22) . In fractionation studies similar to that reported here, the hsp6O from a number of disrupted bacteria, including Rickettsia typhi and Rickettsia prowazekii, was found mainly in the supernatant which resulted from washing the membrane fraction by centrifugation at 200,000 x g; lesser amounts of hsp60 were found in the cytoplasmic and membrane fractions (6) . The hsp60 (62.5-kDa protein) of Coxiella bumnetii, another obligately intracellular gram-negative-like bacterium, was associated with a peptidoglycan-enriched subcellular fraction (59) . More recently, C. burnetii hsp60 was determined to remain bacterium associated when these microorganisms were prepared from mechanically disrupted, infected host cells, but appeared to be secreted or translocated by the coxiellae after their natural release from infected fibroblasts (56) .
Interestingly, one of the Sta47-specific MAb (Kp47-a) coprecipitated Sta58 in standard RIP with TX-DOC-NaClextracted proteins. Whether this represents a nonspecific or a chaperonin-type association (29) of Sta58 cannot be determined by our experiments. Also of interest was the finding that antibody-Sta58 complexes formed before detergent extraction of rickettsial proteins apparently were large enough after extraction to pellet during centrifugation at 13,000 x g. This was in contrast to the behavior of Sta56 and Sta47 and may be related to the natural occurrence of hsp60 proteins as large multimers (6) . In the present work, the only MAb with specificity to Sta58 immunoprecipitated Sta58 from all six strains, and no strain-related variability in electrophoretic migration was noted either.
The importance of comparing strains at several levels is illustrated by the comparisons of Karp and JC472B. Despite their disparate sources (human in New Guinea and gerbil in Pakistan, respectively), the close relatedness of these two strains was apparent in antibody reactions with MAb to Sta56 (the only strain whose Sta56 seemed to completely overlap antigenically with Karp was JC472B) and with Kp47-e, which failed to strongly bind Sta47 from the other four strains. SDS-PAGE migration of Sta56 and Sta47 also was similar in Karp and JC472B, although some differences in SDS-PAGE profiles had been noted earlier (21, 28) . On the other hand, structural variability in Sta56 from the two strains has been indicated by the different patterns of Sta56 peptides derived from partial trypsin digestion (36) . The relative difficulty in solubilizing JC472B proteins (particularly Sta56 and Sta47) with SDS also suggests that some structural differences exist. It seems likely that, in the original serotyping of JC472B with polyclonal antisera (49), the strong cross-reactivity with dominant Karp immunogens Sta58, Sta56, and Sta47 could have masked the absence of Karp-specific epitopes on JC472B StallO and possibly other proteins. At the biological level, JC472B plaques in cultured mouse cells were larger than Karp plaques obtained in the same experiments; factors which might be responsible for this are unknown. Because JC472B has undergone far fewer laboratory passages than Karp, the possibility remains that at least some differences between them are due to this.
Aside from the similarities between Karp and JC472B, no pairing of any of the other strains could be made based on our data. The two animal isolates from Thailand were shown to have unique structural and antigenic features, and they appeared to be no more similar to each other than they were to the other strains examined. Gilliam and TA716 were the strains least reactive with the Karp-induced MAb to both Sta56 and StallO.
In conclusion, some biological, structural, and antigenic characteristics of six plaque-purified strains of R. tsutsugamushi were compared in an attempt to begin to understand the factors underlying strain-related differences in antigenicity and virulence. We succeeded in showing different replication rates under standardized conditions, adding, along with plaque size variation, to our recent demonstration of differential susceptibility to IFN-mediated inhibition of rickettsial growth (27) . The development and use of a panel of MAb has enhanced the identification of Karp strain polypeptides under different extraction and electrophoretic conditions, permitting the recognition of multiple forms of Sta47 and Sta56 in SDS-PAGE and, importantly, facilitating our identification of the counterparts of these and other antigens in additional scrub typhus rickettsial strains. The Karpinduced MAb also have provided a basis for assessing the degree of conservation of the target epitopes in five other clonally purified R tsutsugamushi strains, leading to some general conclusions about the relative variability of the major immunogens. A future report will describe the modulation of rickettsial infection by some of the MAb, indicating for the first time the biological significance of some specific rickettsial components.
